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Resolution of the atomistic and electronic details about the coordination structure variation of hydrated ions in the interfacial water is still a tough challenge, which is, however, essentially important for the understanding of ion adsorption, permeation and other similar processes in aqueous solutions. Here we report the tracing of coordination structure variation for hydrated Cu 2+ /Br 1-ions traversing the interfacial water in Vycor mesopores (φ = 7.6 nm) by employing both X-ray absorption near edge structure and extended X-ray absorption fine structure spectroscopies. By controlled desorption/adsorption of water, the filling fraction of the mesopores, thus the water layer thickness, can be adjusted, which in turn effects the variation of coordination structure of the ions therein. It is found that both Cu 2+ and Br 1-ions prefer staying exclusively in the core water, and in this circumstance no ion pairs have been detected in the solution of concentrations up to 1.0 M. Following capillary decondensation occurring at a filling fraction of ∼35% which corresponds to a water layer of about three monolayers, Br 1-ions begin immediately to reconstruct their first coordination shell, characterized by ionic dehydration, shrinkage of ion-water bond length, and formation of ion pairs. In contrast, Cu 2+ ions can retain a bulk-like coordination structure till being driven to bond directly to the pore surface when the filling fraction is below 20%. At the final stage of dehydration via thermal vacuum treatment at 110
• C, Cu 2+ ions can be completely reduced to the Cu 1+ state, and recover at room temperature only when the filling fraction is above 14%. These results may be inspirable for the investigation of similar problems concerning hydrated ions in water solution under different confining conditions.
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I. INTRODUCTION
The coordination structure of hydrated ions is usually very sensitive to the condition of the surrounding water. When a hydrated ion goes from bulk-like water of a high dielectric constant into a region of low dielectric constant, e.g., interfacial water confined in nanopores or in bio-channels, its self-energy increases. 1 This self-energy increase constitutes the main barrier for ion transportation through the nanometer-thick interfacial water involved in ion adsorption and in selective ion permeation driven by, say, electrostatic interaction between the ion and the charged solid surface. 2, 3 The atomistic mechanism of this energy barrier has been attributed to ionic dehydration without providing any further details such as how a hydrated ion adjusts its coordination structure. 4 Reliable experimental data concerning how the interfacial or confinement condition of water alters the a To whom correspondence should be addressed. E-mail: zxcao@iphy.ac.cn 2158-3226/2012/2(2)/022107/10 C Author(s) 2012 2, 022107-1 coordination structure of hydrated ions are extremely rare, let alone the isolation of the effect of interfacial water from that of confined water. 5 The inner-sphere and outer-sphere surface complexation for adsorbed ions at the metal oxideaqueous solution interface has been extensively discussed. 6 For the inner-sphere complex no water molecules are available between the adsorbed ions and the solid surface, whereas in the outer-sphere complex one or more water molecules may be incorporated. At the mica-aqueous solution interface, with pH = 5.5 for the solution, it was experimentally confirmed that Rb + ions form outer-sphere complexes, whereas for Sr 2+ ions inner-sphere complexes ensue. 7 At above pH pzc , the pH value at the point of zero charge, cations such as Na + , Rb + , Ca 2+ , Sr 2+ , Zn 2+ , Y 3+ and Nd 3+ are found forming inner-sphere complexes, bonding directly to the oxygen atoms at the rutile surface. 2, 6, 8, 9 The adsorption of some transition metal ions and also ions of Pb on hydroxide surfaces was also discussed. 2, 8, 9 It should be pointed out that all the works mentioned above are mainly concerned with the final status of ionic adsorption, referring to the surface complexation modes and the distribution of ions within the interfacial water. A dynamic picture for the formation and variation of the complexes is still missing.
Ionic adsorption from an aqueous solution is determined by the energy cost for a hydrated ion to arrive at the surface, as well as by the electrostatic interaction between the ion and the charged surface. In the investigations carried out up to now, the probed signals usually come from both the ions adsorbed on the surface and the ions in the interfacial water. 2, [6] [7] [8] [9] Consequently, the impact of interfacial water alone on the coordination structure of the hydrated ions is still unknown, which is, however, essentially important for the understanding of ionic adsorption and permeation. It is utterly desirable to prepare a scenario where initially the hydrated ions stay only in the interfacial water.
X-ray absorption spectroscopy (XAS) is an effective tool to trace the local, dynamic structure change of hydrated ions in the interfacial water layer.
2, 9, 10 Cu 2+ and Br 1-ions are very favorable for such research because they are very suitable for XAS analysis. In addition, the coordination structure of Cu 2+ and Br 1-ions in bulk solution of different concentrations has been widely investigated, both experimentally and by simulation, and those results can serve as a good reference. [11] [12] [13] [14] [15] [16] [17] [18] Moreover, a nearly-neutral mesopore surface suffices to prevent direct bonding of these ions to the surface, consequently a scenario with all the ions initially staying in the interfacial water can be realized. For Vycor glass, pH pzc ∼2.0, and no obvious adsorption of Cu 2+ ions onto the Vycor surface occurs if the pH value of the solution is below 4.0. 6 If the research is to be carried out on the 0.1 M CuBr 2 aqueous solution, of which pH = 4.0, loaded in Vycor mesopores, the disturbing effect of surface charge on the hydrated ions can be excluded since in the more concentrated solutions resulting from water desorption, the pH value maintains below 4.0. Thus the 0.1 M CuBr 2 aqueous solution loaded in Vycor mesopores can be an ideal system for the study of impact of interfacial water on the coordination structure of hydrated ions by XAS analysis.
In this work, by using XAS analysis including both X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) spectroscopic measurements, we successfully traced the dynamic coordination structure variation of hydrated Cu 2+ -and Br 1-ions in the desorption-adsorption cycle performed on 0.1 M CuBr 2 aqueous solution loaded in Vycor mesopores. It is found that following decondensation, the Br 1-ions start immediately to reconstruct their coordination shell, characterized by ionic dehydration, shrinkage in the ion-water bond length and formation of cation-anion pairs, whereas the Cu 2+ ions retain their bulk-like local structure till being driven to bond directly to the solid surface. Interestingly, a complete Cu 2+ →Cu 1+ reduction was realized at the end of further dehydration via thermal vacuum treatment at 110
• C, which can be reversed at room temperature only when the filling fraction is above 14% and the interfacial water is definitely thicker than one monolayer. The underlying mechanism will be discussed.
II. EXPERIMENTAL

A. Sample Preparation
Disks (φ7×1.5 mm) of Vycor R 7930 glass with mesopores of 7.6 nm in diameter, the specific inner surface area amounting to 122.5 m 2 /g, were used in this experiment. The large pore size excludes the confinement effect, thus helps focus on the effect of interfacial water. In order to completely remove the organic pollutants inside the pores, the glass disks were pretreated strictly following the procedure described in Ref. 19 . Bulk aqueous solutions of CuBr 2 were obtained by dissolving an appropriate amount of CuBr 2 salt (Sigma, 99.99 wt.%) into de-ionized water. For the 0.1 M solution of CuBr 2 here concerned, its pH value is 4.0, thus it does not require any pH-value adjustment to refrain Cu 2+ ions from attaching to the glass surface. This assertion holds equally for the reference sample of 1.0 M, of which the pH value is 2.3. To fully load the mesopores with pure water or solution, the container holding the water or solution, with the glass disks immersed therein, was shaken vigorously for 8 h. Tissue paper was used later to remove the water or solution outside the mesopores via absorption. Inductively coupled plasma atomic emission spectroscopy was applied to determine the amount of Cu 2+ ions inside the pores by comparing the Cu:Si ratio for the desiccated samples, which confirmed that the solution confined in the mesopores maintains the bulk concentration.
The loaded samples were subjected to the desorption/adsorption cycle of water without altering the amount of Cu 2+ and Br 1-ions, and investigated in the different intermediate stages. Water content in the pores was adjusted through controlling the environmental humidity which was maintained by a mixture of high-purity N 2 (99.999%) and N 2 saturated with water vapor at proper flux ratios. 20 The desorption of water proceeds in two steps, i.e., following the desorption at room temperature in pure nitrogen, by which the filling fraction would be stabilized at ∼9%, the sample was further thermally treated in vacuo (10 -4 Pa) at 110
• C for ∼12 h to remove the residual water. This thermal vacuum treatment procedure can bring the filling fraction down to 5% (corresponding to a water layer less than one monolayer. The first monolayer corresponds to a filling fraction of ∼7.6%, see supplemental material 35 ), and by the time of making the next XAS analysis it rises again to ∼6% due to water adsorption from the ambient, which constitutes the starting point for the subsequent adsorption process. Adsorption of water to a desired filling fraction can be simply realized by exposing the thermally treated samples to the mixture of nitrogen and water vapor at room temperature. After the adsorption or desorption equilibrium had been achieved, the samples were immediately sealed in a cell covered with a 2-μm thick Mylar film for subsequent test. For clarity and brevity, 'de' and 'ad' will be used in the article as subscript to the denotation of filling fraction, φ, or put before the value of the filling fraction, to specify whether the filling fraction refers to a sample at the end of a desorption process or an adsorption process. Since the ion concentration in a sample previously loaded with 0.1 M solution and now at φ = 10% corresponds to that in the 1.0 M bulk solution, samples filled with 1.0 M bulk solution were also investigated as reference.
B. XAS Analysis
XAS spectra were measured near the Cu and Br K-edges in fluorescence mode at Beijing Synchrotron Radiation Facility on the 1W1B beamline and at Shanghai Synchrotron Radiation Facility on the BL14W1 beamline. A non-dispersive Si(111) double-crystal monochromator was used to focus the light beam. High-order harmonic rejection was realized by detuning the monochromator such that the maximum transmitted beam flux was reduced by 30-50%. Energy calibration was done by assigning the first inflection point of the absorption edge to 8980.3 eV for Cu and to 12658 eV for Se. In addition, the K-edge XAS spectra for Cu 2+ and Br 1-ions in bulk CuBr 2 solutions and in three crystalline reference compounds, i.e., CuBr 2 , CuO, and Cu(OH) 2 , were also collected in transmission mode for comparison. EXAFS spectra were fitted using the R-space XAS analysis code FEFFIT 21 (for details, see supplemental material 35 ).
III. RESULTS AND DISCUSSION
It is well-known that for Cu 2+ ions in solution held in Vycor glass, direct bonding to the glass surface can hardly occur at pH values up to 4.0, even though the point of zero charge for SiO 2 is pH=2.0. 6 Therefore, for all the situations involved in the current work, the glass surface can be taken as neutral, and the Cu 2+ and Br 1-ions in the fully-loaded mesopores reside in water. To drive the hydrated ions into the interfacial region and to bring them back to the core water, the adsorption/desorption cycle of water was performed. By desorption of water to the point of capillary decondensation, only interfacial water persists. Further desorption proceeds via the continuous thinning of the interfacial water layer. As shown in Figure S1 , a dilute salt solution does not alter the adsorption/desorption isotherms of water in mesopores. Due to the increased self energy of hydrated ions when approaching the surface (the dielectric constant decreases with the desorption of interfacial water. It is as low as 2-10 for the first monolayer of adsorbed water 2 ), ions confined in the interfacial water layer still prefer staying far away from the pore surface. This is to say that the distance between the hydrated ions and the pore surface can be adjusted by carefully controlling the desorption process of interfacial water. The closer to the surface, the stronger the influence of hydrogen bonding interaction between water molecules and the confining surface on the hydration structure of ions.
Filling fraction-dependent XANES spectra, μ(E), for Br K-edge and Cu K-edge are presented in Figures 1 and 2 , and the related EXAFS spectra (k 2 χ (k)) as well as the corresponding Fourier Figure 3 . Also spectral profiles for crystalline CuBr 2 , Cu(OH) 2 , and CuO are included as reference. With the filling fraction decreased to φ de = 35% which corresponds to a water layer ∼1.05 nm in thickness (for details about the estimation of water layer thickness, see supplemental material 35 ), no obvious influence on the coordination structure of the ions can be identified-both the XANES spectra in Figure 1 and the EXAFS spectra in Figure 3 remain quite the same as those of the bulk solution. This observation suggests that until this point the hydrated Br 1-and Cu 2+ ions in the mesopores adopt a concentration-independent coordination structure, as in the bulk solution of concentrations ranging from 0.1 M to 1.0 M (see Tables S1 and S2 in supplemental material 35 ). This assertion is also valid for the adsorption process when φ ad ≥ 35%. The reason lies in the fact that it is at φ de = 35% that the capillary decondensation of mesopores comes to the end (see the adsorption-desorption isotherm in Figure S1 in supplemental material 35 ), which means that for φ > 35%, water in the pores exists as both interfacial water and core-water. Clearly, only when the hydrated ions stay in the core water can they maintain their bulk-like coordination structure. This is to say that so long as there is core water, the hydrated Cu When the filling fraction falls below 35%, noticeable changes first appear in the Br K-edge spectral profiles (μ(E), dμ/dE and k 2 χ (k)), as can be easily recognized from a peak on the μ(E) curves-marked by a dashed line in Figure 1 (a) -which shifts steadily toward higher energy with the decreasing filling fraction, and from the shadowed region on k 2 χ (k) curves in Figure 3(a) . This points to a reduced Br-O bond length according to the Natoli rule, 22 as it is well accepted that the low-k region (k < 3.5 Å -1 ) of k 2 χ (k) spectra for Br K-edge comes mainly from the surrounding oxygen atoms. This claim was later confirmed by fitting the k 2 χ (k) spectra in Figures 3(a) and 3(b), and the calculated coordination number, N, and bond length, R, are plotted in Figure 4 as a function of filling fraction (for details, see Table S1 in supplemental material 35 ). We see that R Br-O decreases from 3.33 Å at φ de = 35% to 3.21 Å at φ de = 9%, a remarkable shrinkage by 0.12 Å. At the same time, N Br-O decreases from 5.1 to 2.5. In addition, accompanying the collapse of the coordination shell of the partially dehydrated Br 1-, a small amount of Cu-Br ion pairs emerge within the range 35% ≥ φ de ≥ 20% (Figure 4(b) ). As mentioned above, for φ de < 35%, the water in mesopores only exists as interfacial water, thus all the observed changes here correspond to the restructuring of the first coordination shell of Br 1-ions to fit the surrounding interfacial water. This observation is in contrary to the situation in supercritical water where, following the dehydration of Br 1-ions, R Br-O always becomes larger. 23 Such details about the behavior of ions entering the interfacial water are unlikely to be revealed by dielectric constant measurement.
Unlike Br 1-ions, the coordination structure of Cu 2+ ions begins to change only when φ de = 20% (the corresponding water layer thickness is ∼0.7 nm), see Figures 1(b) and 3(b) . The different filling fraction-dependence of coordination structure for hydrated Cu 2+ and Br 1-ions can be attributed to the large difference in their hydration energies, as H hydr (Cu 2+ ) = -2105kJ/mol while H hydr (Br 1-) = -345kJ/mol at 298.15 K. 24 The higher hydration energy helps the Cu 2+ ions to maintain a bulk-like coordination shell even after having entered the interfacial water. At φ de = 20%, a peak emerges on the Fourier-transformed EXAFS spectrum (without phase shift correction) around R = 2.8 Å (Figure 3(d) ). This peak could be fitted by considering the Cu-Si, Cu-Cu, and Cu-(Si+Cu) paths, and the result leads to a coordination shell of Cu-(1.0Si+1.5Cu), with R Cu-Si = 3.15 Å, and R Cu-Cu = 3.12 Å (for details, see Figure S4 and Table S3 in supplemental material 35 ). The appearance of Cu-Si bonds indicates that the hydrated Cu 2+ ions are now directly attached to the pore surface, and R Cu-Si = 3.15 Å (with phase shift correction) together with N Cu-Si =1 support the view that monodentate binding of Cu 2+ ion to the SiO 4 tetrahedron is more favorable. 25 Now, a fact becomes clear: Cu 2+ ions will retain their bulk-like coordination structure until inner-sphere complexes are formed. Starting at φ de = 20%, the peak accentuated by the dashed line α on the dμ/dE curve for Cu K-edge (Figure 1(b) ) shifts steadily towards lower energy. The position of this peak can be taken as E 0 for the absorption edge. Usually, a decrease in E 0 is caused by either or both of the following two factors: reduction of the transition metal ions, here Cu 2+ ions, or change in their coordination structure. The latter point has been illustrated by the XANES spectra of several reference compounds of copper, see Figure 1(b) . Whether the reduction process Cu 2+ →Cu 1+ has occurred or not can be judged by the absence or presence of the pre-edge transition peak at approximately 8976.8 eV (Figure 2 ), which arises from the 1s→3d transition of the Cu 2+ ion. For a Cu 1+ ion, the 1s→3d transition is forbidden since it has a closed d shell. Within the range of 100% ≥ φ de ≥ 9%, this 1s→3d transition peak always appears and has similar intensities (Figure 2 ), therefore the possibility that the Cu 2+ ions have been to some extent reduced by far can be excluded. On the basis of curve-fitting for the Fourier-transformed spectra (Figure 3(b) ), obvious change in the first coordination shell of Cu 2+ ions was confirmed when the filling fraction falls below 20%, i.e., N Cu-O = 3.6 and N Cu-Br = 0.5 at φ de = 20%, while N Cu-O = 2.1 and N Cu-Br = 2.6 at φ de = 9%. This is to say that at φ de = 9%, each Cu 2+ ion is coordinated in average with approximately 2.6 Br 1-ions in the first shell and 1.5 Cu 2+ ions in the second shell. A fact should be pointed out that the ratio of water molecules to Cu 2+ ions in the pores is still 55:1 even at φ de = 9%. In contrary to the large change in the first coordination shell, the second coordination shell of Cu 2+ ions remains almost unaltered in this region. The only detectable change was for σ 2 Cu−Cu which decreases from 1.49×10 -2 to 6.3×10 -3 Å 2 , implying probably a more stable second coordination shell.
On the Cu K-edge XANES spectra for the sample experienced thermal vacuum treatment at 110
• C, of which the filling fraction has reassumed a value of ∼ 6% at the moment of spectral measurement from φ de ∼ 5% at the end of thermal vacuum treatment, the 1s→3d transition peak at 8976.8 eV is still absent. This peak reappears on the curves for φ ad ≥ 20% (Figure 2 ). For φ ad ≤ 14%, E 0 = 8981.2 eV (see Figure 1(b) ), and this low energy edge-position for XANES spectra can be attributed to the 1s → 4p transition of the Cu 1+ species. 26 These two observations support the conclusion that Cu 2+ →Cu 1+ reduction occurs in the process of thermal vacuum treatment, with the filling fraction being somewhere between 9% and 5%. At the same time, that N Cu-O =2.1, N Cu-Br =2.6 at φ de = 9% and N Cu-O =1.9, N Cu-Br =2.5 at φ ad = 6% (see Figure 4 and Table S2 in supplemental material) 35 also suggests that the coordination structure of the first coordination shell for copper ions suffers only a negligible influence from the reduction transition. Noticeable change in the coordination structure can be seen in the second shell, where the original peak at ∼2.8 Å only retains one third of its intensity after the reduction process (Figure 3(d) ). There are two reasons responsible for this weakening of peak intensity: reduced coordination number and increased Debye-Waller factor σ 2 . It should be pointed out that the change in the Debye-Waller factor suffices not to explain such a large decrease in peak intensity, therefore one can conclude that the coordination number of the second shell has become less during the Cu 2+ → Cu 1+ reduction transition. At φ ad = 20%, the 1s→3d transition peak recovers, at the same time it reassumes the intensity at φ de = 9% (Figure 2 ). In addition, E 0 also rises to 8985.2 eV. These two features strongly suggest that oxidation of Cu 1+ to Cu 2+ takes place near φ ad = 20% which corresponds to a water layer of ∼0.7 nm in thickness. Accompanying this oxidation process, obvious change in the coordination structure was detected, N Cu-O =2.4 and N Cu-Br =1.7 at φ ad = 14%, while N Cu-O =3.9 and N Cu-Br =0.3 at φ ad = 20%, see Figure 4 .
For φ ad ≤ 14%, hardly any Br-O bonds could be detected. At φ ad = 20%, the Br-(H-O) path becomes pronounced, and Br-O bonding suddenly emerges with N Br-O = 3.5, and N Br-Cu = 0.9. For comparison, notice that N Br-Cu =1.5 at φ ad = 14%. This indicates that accompanying the Cu 1+ →Cu 2+ transition, hydration of Br 1-ions occurs abruptly. With φ ad > 20%, the first shell of Cu 2+ ions is insensitive to the filling fraction. However, the coordination shell of Br 1-ions keeps changing till φ ad = 35%, when capillary condensation takes place and the ions drift again into core water.
So far, two important conclusions can be drawn. First, the rehydration process of cations and anions here occurs only when sufficient water is available in the mesopores. Second, the reoxidation process of Cu 1+ to Cu 2+ is accompanied by an abrupt hydration of copper and bromine ions within the range of 14% < φ ad < 20%, when the interfacial water is definitely thicker than one monolayer. As to the correlation between hydration and oxidation, it calls for further studies.
The energy barrier a hydrated ion confronts when it passes through the interfacial water layer is an important factor in determining many essential processes concerning ionic adsorption, permeation, etc. When the mesopores are only partially filled, each filling fraction may define a different condition for the water therein. As shown in Figure S1 , the addition of a small amount of salt does not alter the adsorption/desorption isotherm of water in Vycor mesopores (0.1 M CuBr 2 corresponds to a copper ion density of ∼0.1/nm 2 when attached to the inner surface of the mesopores). This salt content-independent desorption-adsorption isotherm suggests that the previously discussed adsorption and desorption models of water in Vycor glass, formulated on the basis of dielectric constant measurement and liquid-solid transition investigation, are still valid. 20, 27 Particularly, water desorption in Vycor mesopores comprises of capillary decondensation and thinning of interfacial water film. As mentioned above, the first coordination shell of both cations and anions remains quite the same as in bulk solution until φ de = 35% when core water is no more available, it then becomes strongly sensitive to the filling condition. Therefore, it can be concluded that the coordination structure variation of ions here results entirely from the interfacial water rather than the size effect of mesopores. With decreasing filling fraction below φ de = 35%, the interfacial water layer becomes more and more closer to the pore surface, and the dielectric constant of interfacial water also decreases continuously. 2 At the same time, more and more water molecules are stripped away from the first shell of Br 1-ions, and Cu-Br ion pairs emerge and multiply. According to our experimental results, hardly any Cu-Br ion pairs can be detected in the CuBr 2 bulk solutions up to 1.0 M. This observation is consistent with a recent measurement on CuBr 2 bulk solution in the concentration range from 0.1 M to 0.5 M, 28 but opposite to the speculation that half of the Cu 2+ and Br 1-ions have already paired even at concentrations < 0.5 M. 29, 30 The thermal reduction process Cu 2+ → Cu 1+ , taking place at somewhere between 5% < φ de < 9%, is already effected at 110
• C. The cation-anion pair has been taken as one of the most important reasons for the large difference in thermal-reduction temperatures for Cu/Vycor and Cu/ZSM-5 zeolite. In the latter case the cation-anion pair is absent, [31] [32] [33] [34] and Cu 2+ → Cu 1+ reduction begins to be measurable at ∼300
• C, and a complete reduction is achievable only at ∼500
• C. Our finding may be helpful for the design of new catalysts to be used at low temperatures. In association with the reduction of Cu 2+ ions, either the Br 1-ions or Si-O radicals at the surface are oxidized, with the former choice being more probable, but this cannot be confirmed with the current technique.
Unlike in supercritical water where R Br-O increases while N Br-O decreases following the dehydration of Br 1-ions, 23 here a decreasing R Br-O was detected with the thinning of interfacial water layer. This difference in behavior between the supercritical water and the interfacial water might shed special light on the effect of interfacial water on the local structure of hydrated Br 1-ions in hydrophilic Vycor mesopores. As to the Cu 2+ ion, due to the higher hydration energy, it retains its bulk-like coordination structure until it has to bond directly to the pore surface. In order to further reveal the effect of hydration energy on the coordination structure variation of metal ions in interfacial water, RbBr solution ( H hydr (Rb + ) =-299 kJ/mol, much less than that of Cu 2+ ) 24 confined in Vycor mesopores is now under scrutiny following the procedure given here.
IV. CONCLUSIONS
In summary, coordination structure variation in the desorption/adsorption cycle for hydrated Cu 2+ and Br 1-ions in 0.1 M CuBr 2 solution confined in the nearly-neutral, hydrophilic Vycor mesopores were studied using XAS analysis. Several important conclusions can be drawn: (1) Hydrated Cu 2+ and Br 1-ions prefer staying in core water, and maintaining a bulk-like coordination structure so long as there is core water in the mesopores; (2) After capillary decondensation, dehydration of Br 1-ions begins first, and the bond length between Br 1-ion and the coordinated water molecules shrinks. Dehydration of Cu 2+ ions, beginning at φ de = 20%, is accompanied by a sudden emergence of ion pairs; (3) From φ de = 20% on, Cu 2+ ions bind directly to the inner surface of Vycor mesopores. (4) Thermal reduction Cu 2+ → Cu 1+ is effected already at 110
• C, and reoxidation at room temperature occurs at φ ad = 20% when most counterions in the first shell have been replaced by water molecules. These results might be inspirable for further researches on the coordination structure variation of hydrated ions under different conditions. 
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EXAFS Analysis
EXAFS spectral profiles were fitted by using the R-space XAS analysis code FEFFIT on the basis of standard EXAFS formula given by
Where k is the wave vector which is related to the kinetic energy of photoelectron Table S2 ). These structural factors are in good agreement with published data. 8 This is to say that the method applied for the EXAFS analysis reproduces the result for bulk CuBr 2 solution. 8 Besides the first coordination peak in the R-space, the high-R peak around 3.2 Å (without phase shift correction) was also well fitted by considering only the multiple-scattering of the first hydration shell ( 2 σ values corresponding to each multiple-scattering path as proposed by Sakane et al. were adopted for the curve-fitting). 9 As well recognized, both the multiple-scattering of the first hydration shell and the single-scattering of the second hydration shell can lead to this high-R peak. [10] [11] [12] [13] For hydrated Cu 2+ ions, this high-R peak is largely caused by multiple-scattering of the first hydration shell. Table S1 ), which agree well with the data obtained by other EXAFS measurements and by the Car-Parrinello molecular dynamics simulation.
14-16
Water Layer Thickness Estimation
Filling fraction was determined by weighing the samples-100% filling of the mesopores ( 6 . 7 φ nm) corresponds to a specific mass augment of 0.25g/g. The thickness of the water layer was roughly estimated by considering each monolayer's contribution to the filling fraction. The amount of water in the first monolayer is determined by the density of hydroxyl on the inner surface of the glass. Supposing that each hydroxyl adsorbs one water molecule, and taking into account the fact that the density of hydroxyl for the mesoporous Vycor glass is ~4.9 / nm 2 , [17] and the specific inner surface area is 122.5m 2 /g, it can be calculated that the first monolayer makes a filling fraction of 7.2%. The second monolayer is assumed to be a hexagonal close-packing of water molecules which are taken as spheres of 0.35 nm in diameter. [18] Thus this second monolayer contributes 12.4% to the filling fraction.
Some people also treated the first monolayer this way, [19] and in this circumstance the first monolayer may correspond to a filling fraction of 13.6%. Similarly, the filling fraction arising from the third monolayer is estimated to be 11.2%. Hence, we come to the conclusion that a filling fraction of 35% roughly corresponds to three monolayers of water, and the thickness is Cu--1.2Cu
1.6Si--Cu
2.0Si--Cu--0.6Cu
Cu--1.2Cu
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